The < 25 µm fraction of natural clay containing kaolinite, chlorite, illite and illite/smectite mixed layered clay minerals was characterized and used as a potential adsorbent for the removal of Rhodamine B (RB) dye from aqueous solution. Adsorption experiments were carried out in batch mode by varying the following parameters: pH, temperature, initial dye concentration, adsorbent dosage and time of contact. The equilibrium data were well fitted by both the Langmuir and Freundlich adsorption isotherms. The Langmuir monolayer adsorption capacity was found to be 4.77 mg/g, which was better than the value reported for kaolinite (1.95 mg/g). The adsorption process followed pseudo-second-order kinetics. Negative ∆G 0 values indicated that adsorption onto this clay was a spontaneous process. A maximum dye uptake of > 90% was achieved at 313 K employing an initial dye concentration of 4.8 × 10 -6 M, a pH value of 2 and an adsorbent dosage of 1 g/ .
INTRODUCTION
Dyes and pigments are coloured compounds used extensively in the textile, paper, paint, leather, pharmaceutical, dyeing, plastics and many other industries. However, once these dyes enter the water systems through industrial effluent, it becomes difficult to prevent fauna and flora from pollution. Also sunlight penetrates less in coloured polluted water, thereby affecting the biochemical oxygen demand (BOD). Hence, it is necessary to remove these dyes from industrial effluent prior to their discharge into water systems, such as rivers, ponds, etc. Rhodamine B (RB), known commercially as Basic Violet 10 (BV10), is a synthetic Basic dye which is used in the textile and paper industries. This dye is stable to heat and light (Aksu 2001) . It is carcinogenic as well as mutagenic. Its chemical structure is shown in Figure 1 overleaf.
Among the physical methods available, adsorption is the most effective and cheapest method for treating effluent. However, although the adsorption of Basic dyes using activated carbon as an adsorbent has been extensively studied, the uptake of RB by activated carbon is quite small compared to other dyes (Shiau and Pan 2004) . Moreover, activated carbon is an expensive material. Because of their net negative layer charge, ion-exchange capacity, high surface area and high porosity, naturally occurring clay minerals have long been known as effective, low-cost and promising candidates as adsorbents (Crini 2006) . Clay minerals are hydrous aluminium silicates with a plate-like morphology. Based on differences in their layered structures, they are classified as smectites, chlorites, illite and kaolinite. In recent years, there has been increasing interest in utilizing clay minerals such as smectite, kaolinite, chlorite, illite, diatomite and Fuller's Earth as adsorbents, not only for inorganic but also for organic pollutants. Kaolinite adsorbs dyes onto its surface much more strongly than metal ions. The hydrophobic silica faces of kaolinite, which carry low-density permanent negative charges, facilitate the aggregation and adsorption of positively charged, flat, aromatic dye molecules (Harris et al. 2006) . It has been shown that the adsorption capacity of kaolinite towards dyes is 20-times greater than that of alumina (Harris et al. 2001) . Illite/smectite mixed-layer minerals also have the capacity to absorb dye molecules in their interlayer spaces (Sucha et al. 2009 ). The dye removal performance of Fuller's Earth was found to be better than that of commercially available activated carbon (Atun et al. 2003) . Clay minerals can also be chemically modified to improve their adsorption capacity (Panneer Selvam et al. 2008) . The focus of present research work was to evaluate the adsorptive behaviour of a natural clay containing kaolinite via kinetic and equilibrium studies.
EXPERIMENTAL

Materials and methods
The adsorbent used in the present study was a natural clay consisting of kaolinite, chlorite, illite and illite/smectite mixed-layer clay minerals collected from a shale deposit in the Subankhata area of Assam, India. The clay samples were purified by means of a standard sedimentation siphoning process. In a typical separation, 20 g of the raw clay was stirred in 1 of distilled water for 2 h to obtain a 2% suspension. This suspension was then allowed to stand for 1 h. The uppermost 10 cm of the suspension was siphoned off, placed on Petri dishes and dried in an oven at 353 K. The < 25 µm fraction of the clay was separated using sieves of an appropriate size. This clay fraction was used as the adsorbent after activation in an air oven at 423 K for 1 h. The adsorbate used was Rhodamine B GR dye (C.I. No. 45170) obtained from LOBA Chemie and used as such without further purification.
Characterization of the clay adsorbent
Elemental analysis of the < 25 µm fraction of clay was undertaken by X-ray fluorescence (XRF) employing the pressed pellet method in conjunction with an AXIOS PAN analytical instrument. Identification of the constituent minerals was carried out by examination of the powder X-ray 172 J.N. Ganguli and S. Agarwal/Adsorption Science & Technology Vol. 30 No. 2 2012 (CH 3 diffraction (PXRD) patterns of orientated film slides using a Brucker D8 Advanced X-ray diffraction measurement system (Cu Kα radiation at λ = 1.5406 Å). Scanning electron microscopic and energy dispersive X-ray (SEM-EDX) analyses were undertaken using a LEO 1430 VP scanning electron microscope. The Fourier-transform infrared (FT-IR) spectra of the clay/KBr pellets were recorded via a Perkin-Elmer RX/FTIR instrument. Thermal analysis (TG and DTA) was conducted using a Perkin-Elmer Pyris diamond instrument in a nitrogen atmosphere at a heating rate of 10 K/min. The loss on ignition (LOI) was determined using a programmable PID controlled muffle furnace (LabTech). Surface areas, pore-size distributions and pore volumes were determined at 77 K from measurements of the BET nitrogen adsorption isotherms using a Micromeritics Tristar 3000 analyzer. Cation-exchange capacities (CECs) were determined by the ammonium acetate method, while the zeta potential of the clay was determined via a Malvern Instruments Zetasizer-3000HS instrument.
Adsorption procedures
For adsorption purposes, a stock solution of Rhodamine B of 4.8 × 10 -6 M concentration was prepared in distilled water. Batch experiments were carried out at 300 ± 2 K. Adsorption studies were undertaken varying parameters such as the pH, stirring time, temperature, adsorbent dosage and the initial concentration of the adsorbate. Before each experiment, the adsorbent was activated by heating for 1 h at 423 K.
To study the effect of the initial pH of the dye solution on the adsorption process, 40 m of the Rhodamine B stock solution was placed separately into nine 100 m Erlenmeyer flasks. The pH values of the solutions in the flasks were adjusted serially from 2 to 10 by adding dilute NaOH or HCl and monitoring via a digital pH meter. Subsequently, 40 mg of adsorbent was added to each of these various flasks, which were then agitated in an orbital shaker for 18 h to enable the various systems to attain equilibrium. The contents were then centrifuged at 10000 rpm for 15 min and the residual concentration of dye was measured at a fixed wavelength of 554 nm via a Hitachi UV-vis spectrophotometer. In order to study the effect of adsorbent dosage, dye solutions of the same initial concentration were agitated with adsorbent dosages varying from 20 mg to 200 mg. The effect of stirring time was determined by agitating 200 m of dye solution in a 250 m Erlenmeyer flask with 200 mg of adsorbent and withdrawing 10 m of dye solution at 5 min time intervals to determine the residual dye concentration. For adsorption isotherms, dye solutions of different initial concentrations were agitated with the same amount of adsorbent until equilibrium had been achieved. The absorbance measured was then converted into concentration terms via the use of a calibration chart.
The percentage of dye removal and amount of dye adsorbed were calculated via equations (1) and (2): (1)
where C 0 is the initial concentration of dye (mmol/ ), C e is the equilibrium concentration of dye (mmol/ ) and m is the amount of adsorbent employed (g/ ). 
RESULTS AND DISCUSSION
Characterization of the adsorbent
XRF and PXRD studies
The elemental composition of the clay fraction as determined by XRF methods was 45.21% SiO 2 , 13.42% Al 2 O 3 , 9.02% Fe 2 O 3 , 3.13% MgO, 3.77% CaO, 3.38% K 2 O, 3.15% Na 2 O, 1.71% MnO, 0.78% TiO 2 , 0.14% P 2 O 5 and 13.46% LOI. The 001 reflections in the PXRD patterns at 14.25 Å, 10.29 Å and 7.2 Å, respectively, were consistent with the presence of chlorite, illite and kaolinite in the < 25 µm fraction of the clay (Moore and Reynolds 1997a) . The presence of kaolinite was further confirmed by heat treatment and acid treatment of the clay. The basal spacing of 10.29 Å for the 001 reflection of illite was slightly larger than the normal 10 Å spacing, which is routinely identified in the spectrum of an illite-rich illite/smectite mixed-layer clay mineral (Moore and Reynolds 1997b) . The clay adsorbent was, therefore, a mixture of illite, chlorite, kaolinite and illite/smectite mixed-layer clay minerals.
FT-IR study
A sharp OH doublet at 3695 cm -1 (internal surface O-H group vibration of kaolinite) and 3621 cm -1 (interlayer O-H group vibration of kaolinite and illite) with supplementary bands at 915 cm -1 and 472 cm -1 (OH deformation bands arising from inner and inner surface -OH groups) indicated the presence of kaolinite in the sample. A slight broadening of the 3621 cm -1 band along with other bands at 915 cm -1 , 829 cm -1 and 754 cm -1 suggested that the clay was a mixture dominated by 2M1 illite (muscovite-like). The strong broad doublet at 3565 cm -1 and 3433 cm -1 with a marked enhancement of the Si-O bands at 1009 cm -1 and 471 cm -1 was consistent with the presence of an iron-rich chlorite (Russell and Fraser 1994) .
SEM study
The SEM image of the clay (see Figure 2 overleaf) shows its layered morphology which was capable of acting as a host during the adsorption process.
Zeta potential and CEC measurements
The average of 10 readings of the zeta potential of the < 25 µm fraction of the clay was determined as −42.8 mV, indicating that the surfaces of the clay particles in the suspensions were negatively charged. The CEC of the clay as determined by the ammonium acetate method was 22.4 mequiv/100 g.
Surface area and pore-size distribution
The BET surface area of the clay was 3.42 m 2 /g. This BET surface area was small because it only reflected the value of the external surface area, since the non-polar nitrogen molecules were not capable of penetrating the clay pores. The total surface area as calculated by the Sears method was 179.8 m 2 /g. The single-point adsorption volume of pores of diameter < 112.91 nm at P/P 0 = 0.9825 was 0.0081 cm 3 /g. In addition, the BJH adsorption average pore diameter (4V/Å) was 11.21 nm while the BJH desorption average pore diameter (4V/Å) was 9.81 nm. The adsorption isotherm was of Type II with an intermediate flattish portion corresponding to monolayer formation (see Figure 3 ). 
Thermal analysis
Figure 4 overleaf depicts the typical thermal analysis plots obtained. The first weight loss (0.879%) exhibited in the TGA curve at temperatures below 373 K was attributed to the loss of moisture adsorbed onto the clay surface. The second weight loss (6.703%) over the temperature range 606-1157 K was attributed to dehydroxylation of the interlayer hydroxide sheet. The endotherm centred at 333 K in the DTA plot reveals the presence of illite in the sample (Kakoty et al. 2006) . Another broad inflection within the temperature range 773-973 K is consistent with the presence of kaolinite. The chlorite group of minerals also showed a well-defined endotherm within the temperature range 773-873 K (Paterson and Swaffield 1987) , but could not be differentiated in the DTA curve due to the presence of kaolinite and illite which dehydroxylated over a wide temperature range. The increase in weight at ca. 1173 K (TGA) and the exothermic peak in the DTA curve at the same temperature may be due to the transformation of kaolinite into the mullite phase.
Adsorption of Rhodamine B onto the < 25 µm clay fraction
The influence of various parameters such as pH, adsorbent dosage, temperature, stirring time and initial dye concentration on the adsorption process was investigated.
Effect of pH
Changing the pH value of an aqueous solution of Rhodamine B has a significant effect on its molecular form. The concentration of the zwitterionic form of the dye in aqueous solution increases with increasing pH (Mchedlov-Petrosyan and Kholin 2004). The surface charge properties of kaolinite also vary considerably with pH change. Thus, the dye uptake by the clay increased from 1.0 × 10 -3 mg/g to 6.1 × 10 -3 mg/g when the pH was lowered from 7 to 2. More than 90% removal of the dye was achieved at pH 2 [see Figure 5 (a) overleaf]. The adsorption was favourable at acidic pH values due to the electrostatic interaction between the positive charge of the cationic form of the dye molecule and the negative charge on the surface of kaolinite which increased at lower pH. The extent of adsorption was less over the pH range 6-8 due to the increased concentration of the zwitterionic form of the dye, for which the electrostatic interaction between the clay and the dye was less. Increasing the pH also changed the nature of the surface of the clay mineral which might be responsible for the gradual increasing uptake of the dye beyond pH 7 (Ghosh and Bhattacharya 2002).
Effect of adsorbent dosage
Dye adsorption increased with increasing adsorbent dosage. This may be attributed to the increased surface area of the adsorbent and the availability of a greater number of adsorption sites for the adsorption of dye molecules [ Figure 5(b) ].
Effect of temperature
The amount of dye adsorbed increased on increasing the temperature in the range 303-323 K. This shows that adsorption onto the clay was an endothermic process [ Figure 5(c) ]. 
Effect of contact time
Increasing uptake of the dye was observed with increasing stirring time. This might be due to a greater length of contact between the adsorbate and the adsorbent. The < 25 µm fraction attained equilibrium within 40 min [ Figure 5(d) ].
Effect of initial dye concentration
On increasing the initial dye concentration, the amount of dye adsorbed per gram of the adsorbent increased. Adsorption can be considered as involving an equilibrium between non-adsorbed (free) and adsorbed molecules. According to Le Chatelier's principle, an increase in the dye concentration (increase in the number of free molecules) would shift the equilibrium towards adsorbed molecules.
Varying the above parameters revealed that virtually complete (95-100%) dye uptake by the clay could be achieved at an initial dye concentration of 4.8 × 10 -6 M, pH = 2, temperature = 313 K and adsorbent dosage = 1 g/ . The performance of the kaolinitic clay in the dye adsorption is clearly shown by the photograph reproduced in Figure 6 . 
Adsorption isotherm studies
Adsorption isotherms determine the extent of the interaction between the adsorbate and the adsorbent and the feasibility of the overall adsorption process. In the present studies, the equilibrium data were analyzed using the linear mathematical forms of the Langmuir and Freundlich adsorption models. The linear form of the Langmuir adsorption isotherm expression may be written as:
( 3) where q e is the amount of dye adsorbed per unit weight of adsorbent, C e is the equilibrium concentration of the dye solution after adsorption and x m represents the adsorption capacity of the adsorbent. The plot of 1/q e versus 1/C e is linear with an intercept, a, equal to 1/x m and a slope equal to 1/K L x m . The quantity a is the Langmuir constant while 1/K L = b is the adsorption intensity. The linear form of the Freundlich isotherm may be written as: (4) where q e is again the amount of dye adsorbed per unit weight of adsorbent, C e is the equilibrium concentration of the dye solution after adsorption, and K F and n are empirical constants which determine the adsorption capacity and adsorption intensity, respectively.
Both the Langmuir and the Freundlich plots gave good fits to the adsorption data for Rhodamine B dye onto Subankhata clay. The adsorption parameters for both isotherms are listed in Table 1 . In the Freundlich isotherm, the value of n (= 1.74) was greater than 1 at equilibrium. This indicates that the adsorption was favourable (Freundlich 1906) . Compared to the Langmuir isotherm which exhibited a value of R 2 equal to 0.998, the Freundlich isotherm gave a better fit to the equilibrium data (R 2 = 0.9995). The isotherm results indicate that the interaction between the surface of the clay adsorbent and the dye molecules was both physical and chemical in nature. The reported value of the Langmuir adsorption capacity of kaolinite for RB is 1.95 mg/g of clay (Ren et al. 2009 ) compared with the value of 4.7778 mg/g obtained for the < 25 µm fraction of natural clay used in the present study. The presence of illite, chlorite and illite/smectite mixed layer clay minerals along with kaolinite may have contributed to the difference in the adsorption capacity. Table 2 shows a comparison of the adsorption capacity of clay with other adsorbents and demonstrates its superior capacity as an adsorbent. pseudo-second-order rate equation (Figure 7) . From the linear form of the pseudo-second-order rate equation, i.e.
it was possible to calculate the value of the pseudo-second-order rate constant, k 2, as 8.99 × 10 2 g/(mg min). 
Thermodynamic studies
The change in the Gibbs' free energy of adsorption was calculated using the equation:
where R is the gas constant with the value 8.314 J/(mol K), T is the solution temperature in degrees Kelvin and K is the equilibrium constant, i.e. the ratio between the adsorbed and nonadsorbed molecules of the dye. The calculated value of ∆G 0 was -16.94 kJ/mol. The negative value of the free energy change shows that the adsorption process was spontaneous. The clay used in the present study exhibited a better performance than montmorillonite clay, since the adsorption of RB onto montmorillonite is slow and not uniform whilst that onto the natural clay studied in the present work was fast and uniform. Although the Langmuir adsorption capacity of the clay under study was only 4.77 mg/g clay, a change in the pH of the dye solution and an increase in temperature both increased the adsorption capacity to an appreciable extent. The nature of the adsorbent-adsorbate interaction was further confirmed by measuring the PXRD patterns of the clay before and after the adsorption of RB dye. The results (see Figure 8 ) showed a shift in the peaks corresponding to d 001 and other planes of the constituent clay minerals on the low angle side of the spectrum, thereby indicating that the interlayer space increased due to the intercalation of dye molecules. The interlayer spacing for the 001 plane of the constituent chlorite clay mineral increased from 14.43 Å to 14.93 Å, for illite from 10.19 Å to 10.40 Å, and for kaolinite from 7.13 Å to 7.30 Å. This observation also supports the intercalation of the dye in the interlayer space of the clay. 
CONCLUSIONS
The < 25 µm fraction of Subankhata clay consists of kaolinite, chlorite, illite and illite/smectite mixed layer minerals. Characterization of this clay demonstrated that it has the potential to adsorb Basic dyes such as Rhodamine B. Its adsorption capacity was better than that of kaolinite because, in addition to kaolinite, it also contained illite, chlorite and illite/smectite mixed layer minerals. The kaolinite constituent facilitated multilayer adsorption on the clay surface while chlorite, illite and illite/smectite clay minerals facilitated monolayer adsorption. This research work has demonstrated that an abundantly available clay such as Subankhata clay may be utilized as an effective low-cost adsorbent in industrial wastewater treatment. Further modification and engineering may convert this clay into a very efficient adsorbent.
